The genes for the large and small subunits of anthranilate synthase (trpE and trpG, respectively) have been cloned from Pseudomonas aeruginosa PAC 174 into E. coli by R-prime formation with the broad-host-range plasmid R68.44. Sequential subcloning into plasmid vectors reduced the active Pseudomonas DNA fragment to a length of 3.1 kb. We obtained evidence that this region contains the promoter for its own expression and retains a vestigial regulatory response to tryptophan scarcity or excess.
Introduction
This study began as an investigation of the function and regulation in E. coli of the Pseudomonas aeruginosa genes for the two subunits of anthranilate synthase (E.C. 4.1.3.27) borne on an R-prime plasmid. Subsequent subcloning of these genes in multicopy vectors reduced the concomitant Pseudomonas DNA segment at the 5' end of the structural genes to between 250 and 400 bp. Surprisingly, the fivefold regulatory response to tryptophan deprivation found with the R-prime plasmid remained, even though it is clear that the E. coli trp repressor gene (trpR) plays no role in regulating these Pseudomonas genes and that the plasmid does not contain the Pseudomonas trpR counterpart. Figure 1 shows the pathway of tryptophan synthesis. In fluorescent pseudomonads, there are seven structural genes for the enzymes of this pathway. They are found at four chromosomal locations rather than clustered in a single operon as in the enteric bacteria . This paper will show that, in P. aeruginosa, the genes for the large and small anthranilate synthase subunits-trpE and trpG, respectivelyare adjacent and partially overlapping. Although trpE is closely linked in P. putida to trpD and trpC-the genes for anthranilate-phosphoribosylpyrophosphate phosphoribosyltransferase (PRT) and indole-3glycerolphosphate synthase (Gunsalus et al. 1968) , respectively-trpE is separated from trpD and trpC in P. aeruginosa by a fairly large block of genes concerned with synthesis of pyocin R2. Shinomiya et al. (1983) reported that -28 kb of DNA intervenes between P. aeruginosa trpE and trpC in strains PA0 1 and PML28. Although the location of trpG has not previously been specified in either P. aeruginosa or P. putida because of the lack of mutants affecting the small anthranilate synthase subunit, the complete amino acid sequence of the P. putida small subunit was ascertained directly from purified protein by Kawamura et al. ( 1978) .
The remaining trp genes of both P. putida and P. aeruginosa are found at two widely separate locations and are not coregulated with the four genes just described (Gunsalus et al. 1968; Holloway et al. 1979) . TrpF, the gene for phosphoribosylanthranilate isomerase, is solitary and does not respond to tryptophan scarcity or excess. TrpB and trpA, the genes for the two subunits of tryptophan synthase, are adjacent and coordinately regulated by substrate induction.
Pseudomonas aeruginosa trpB and trpA were recently sequenced (Hadero and Crawford 1986) . The DNA for this sequence was derived from ptrpAB, a large Rprime derivative of R68.44 bearing the P. aeruginosa PAC174 tryptophan synthase genes (Hedges et al. 1977) ; as isolated, this plasmid made extremely low levels of tryptophan synthase when growing in E. coli. We now describe ptrpEG, an R-prime plasmid obtained in a similar fashion but carrying the P. aeruginosa chromosomal segment bearing the anthranilate synthase genes. This plasmid was first recognized by its ability to complement the trpAE5 deletion in E. cob. We have studied enzyme levels in E. coli strains carrying both the original R-prime plasmid and derivatives made from it. The results show that in each case there is a significant regulatory response to tryptophan despite the absence of the Pseudomonas trpR gene, which encodes the tryptophan repressor (Maurer and Crawford 197 1) .
Material and Methods

Bacteria
Pseudomonas aeruginosa PAC 174 was obtained from P. Clarke and E. coli W33 10 tna trpAE5 from C. Yanofsky. After the initial isolation of ptrpEG, our usual transformation recipient was E. coli C600 thr Zeu thi trpAE5 obtained from D. Helinski. When desired, a defective trpR was substituted for thr by means of Pl transduction. Escherichia coli CGSC5059 his thi guaB tyrA2 trp-45 rpsL125 was received from B. Bachman; Pl transductions were used to replace guaB with guaB+, replace trp-45 with trpAE.5, and introduce trpR into this strain.
Plasmids and Phages R68.44 (Haas and Holloway 1976) was received from B. Holloway, whereas RSF2 124 and pBR322 were provided by D. Helinski. Lambda 540 (dnaK) was obtained from M. Feiss. DNA of ptrpEG was obtained using the procedure of Johnston and Gunsalus ( 1977) , whereas that of RSF2 124, pBR322, and their derivatives was isolated using the method of Katz et al. (1973) .
Enzymes and Genetic Methods
Restriction endonucleases and T4 DNA ligase, obtained from New England Biolabs or Bethesda Research Laboratories, were used according to the supplier's instructions. Transformation was carried out as described by Mandel and Higa (1970) . Antibiotic selection on Vogel and Bonner ( 1956 ) Medium E plates employed ampicillin at 150 pg/ml, rifampicin at 50 pg/ml, or tetracycline at 25 pg/ml. Colicin production and sensitivity were tested using the agar-overlay method. Standard methods (Maniatis et al. 1982) were used for agarose and acrylamide gel electrophoresis. Anthranilate synthase was assayed fluorometrically in dialyzed extracts (Queener and Gunsalus 1970) . PRT was also determined fluorometrically using the method of Ito and Crawford (1965) . Protein was estimated using the method of Lowry et al. (195 1) .
Results
Isolation and Characterization of ptrpEG
Pseudomonas aeruginosa PAC174 carrying R68.44 was conjugated with rifampicin-resistant E. coli trpAE5 as described earlier (Hedges et al. 1977) . A slow-growing, tryptophan-independent, rifampicin-resistant exconjugant appeared, having the ampicillin (Amp) and tetracycline (Tet) resistances (hereafter denoted by Amp' and Tet', respectively) but lacking the kanamycin (Kan)-resistance (Kan') marker. Neither the antibiotic resistances nor the trpE+ character could be transmitted to other E. coli or P. aeruginosa strains by conjugation, suggesting that plasmid tra genes may have been lost along with the Kan' determinant. Pl transduction of E. coli selecting ampicillin or tetracycline resistance or trpAE5 complementation resulted in concurrent acquisition of all three traits. The presumptive R-prime plasmid did not complement either tryptophan auxotrophs blocked in reactions beyond anthranilate synthase in the pathway or a trpED deletion lacking both anthranilate synthase and PRT.
The molecular mass of the R-prime plasmid, determined by sucrose densitygradient centrifugation using the method of Barth and Grinter (1974) , was 37.6 megadaltons, the same as that of R68.44. Apparently a plasmid segment consisting of the Kan' determinant and one or more tra genes had been replaced by a segment of chromosomal DNA of nearly equivalent length.
Initially, ptrpAB (Hedges et al. 1977 ) had also elicited only slow growth during complementation of E. coli auxotrophs in minimal medium; selection for faster growth in the absence of tryptophan resulted in plasmid variants producing more enzyme. 452 Crawford, Wilde, Yelverton, Figurski, and Hedges Similar selection on E. coli trpAE.5 cells carrying ptrpEG resulted in a variant plasmid, ptrpEG-1, which allows any of several E. coli trpE strains carrying it to grow nearly as fast in the absence of tryptophan as in its presence-i.e., with a generation time of -1 h in minimal medium instead of >2 h. EcoRI digestion of ptrpEG and ptrpEG-1 produced fragments of identical size, so no major deletions or rearrangements had occurred.
Although assays of E. coli trpAE.5 bearing ptrpEG-1 showed some anthranilate synthase activity, the precise level was not easily determined because the initial rate of anthranilate formation declined rapidly, usually within 30 s. Addition of fresh chorismate to the cuvette transiently restored activity. The major enzymes known to compete with anthranilate synthase for chorismate utilization are the chorismate mutases produced by the pheA and tyrA genes. We found that tyrA cells grown in a medium containing 0.05% acid-hydrolyzed casein had levels of competing enzymes low enough to permit longer incubations and reliable anthranilate synthase assays. Table 1 presents the anthranilate synthase specific activity of E. coZi tyrA trpAE.5 (ptrpEG-1) cells grown in the presence and absence of tryptophan. Lower activity levels seen in the tryptophan-grown cells were shown not to arise from curing of the plasmid; moreover, R68.44 is stringently regulated and present in low copy number (Jacoby and Shapiro 1977; Holloway 1979) . We obtained direct evidence that the observed regulation was unrelated to copy number by inserting the trp genes into a h vector (see below). To see whether the E. coli trpR repressor might be affecting the plasmid trp-gene expression, anthranilate synthase levels were also determined in trpRstrains. No effect of the trpR repressor was seen. Physical Map of the Pseudomonas trpEG Region R68.44 has unique recognition sites for EcoRI, BamHI, BglII, and HindIII. On the other hand, ptrpEG has multiple recognition sites for all of these enzymes except HindIII. We found five fragments after EcoRI digestion and four after BamHI digestion; the physical map of the four smallest EcoRI fragments (containing most of the Pseudomonas chromosomal insert) is shown at the top of figure 2. The size of the two largest EcoRI fragments obtained from ptrpEG (A and B) was determined in sucrose gradients. That of the four smallest ones (B, C, D, and E) was estimated from agarose gel electrophoresis.
These sizes were as follows: A = 40.8 kb; B = 9.5 kb; C = 3.7 kb; D = 3.4 kb; and E = 0.8 kb. Partial digestion with EcoRI established the probable order BCDE as shown in figure 2. This order was confirmed by multiple enzyme digests and by the subcloning experiments to be described below. The anthranilate synthase genes were localized within the chromosomal insert of ptrpEG by the subcloning depicted in figure 2 . The first subcloning employed as vector the 11.2-kb colE1 Amp' plasmid RSF2 124 (So et al. 1975 ) having a single EcoRI site in the colicin structural gene. Both complete and partial EcoRI digests of ptrpEG-1 were ligated to EcoRI-digested RSF2 124, and the constructs were used to transform E. coli C600 thr Zeu thi trpAE.5. Trp+Amp' colicin-nonproducing transformants were found only with partially digested starting material. Five of 19 transformants from partial digests selected for Amp' and failure to produce colicin El were Trp+. Tryptophan independence was found to require the presence of fragments B and C; no additional fragments were helpful, and no Trp+ cells were found to harbor plasmids with B and C in any orientation except that shown in figure 2. Two phenotypic classes were found among the Trp+ transformants. Of a total of 34 eventually examined, 26 grew more rapidly without tryptophan than did the other eight. Generation time in minimal medium for the faster-growing class was very similar in the presence and absence of tryptophan, i.e., 36-39 min. The generation time of a member of the slower-growing class was 50 min without tryptophan, however, resulting in a distinct difference in colony size on minimal agar plates after 24 h. This growthrate difference was correlated with the orientation of the BC doublet in the cloning vehicle, as was readily established by BamHI or PstI digests of the plasmids. The plasmid with the orientation giving faster growth, diagramed on line c. of figure 2, was given the designation pIA 1.
YB'C+D----~E~
Escherichia coli tyrA trpAE5 cells carrying either pIA or the isomeric pIA were assayed for enzyme content after growth in minimal medium with and without added tryptophan (table 1) . Although RSF2 124 is a multicopy plasmid, only pIA l-containing cells had enzyme levels significantly higher than those of cells containing ptrpEG-1. Cells containing pIA or pIA showed decreased levels of the enzyme in the presence of tryptophan regardless of the presence or absence of the E. coli trpR gene product (table 1). Because Selker et al. (1977) had reported that mitomycin induces foreign genes cloned into the colicin El structural gene, we examined both pIAl-and pIA2-containing cells after exposure to this antibiotic. No increase in enzyme levels was seen (data not shown). At this time we cannot say whether the observed orientationrelated difference in expression is due to augmentation by or interference from a plasmid promoter on RSF2 124. Since there is some expression of the Pseudomonas genes regardless of the orientation, it seems likely that there is some-albeit weakpromoter activity originating in the cloned ptrpEG segment.
Although the EcoRI C fragment must have been derived entirely from the P. aeruginosa chromosome, an undetermined portion of the B fragment was undoubtably derived from R68.44 ( fig. 2) . PstI cleaves the B fragment into a large and a small segment. Since this region of the parental plasmid contains no PstI cleavage sites, this PstI site must reside in the chromosomal portion of the B fragment. The C fragment also contains a PstI site near the B-C junction. One of the five PstI sites in RSF2 124 is located very close to the EcoRI-cloning site, placing it just outside the C fragment in the pIA orientation ( fig. 2) .
We attempted to clone both complete and partial PstI digests of pIA into the PstI site in the bla gene of pBR322. Predictably, no Trp+Tet' transformants of E. coli tyrA_ trpAE.5 were obtained from complete digests of pIA 1. Many were found when a partial PstI digest was employed, however. Seven of the 15 Trp+Tet'Amp" plasmids tested had acquired only two PstI fragments, in each case corresponding closely in size (3.7 and 1.1 kb) to the EcoRI C fragment and the adjacent 10% of the B fragment, respectively ( fig. 2, line d. ). One such plasmid was selected and designated pIA 10. The orientation of the insert with respect to pBR322 was ascertained from an EcoRI digest.
From these results it is clear that the anthranilate synthase locus spans the EcoRI BC junction. For further delimitation both complete and partial BamHI digests of pIA 10 were ligated into the BamHI site of pBR322 and used to transform E. coli tyrA trpAE.5 as above. Several different-sized Trp+Amp' constructions were recovered, but all were Tet'. This suggests that the inserts all contained a direct duplication (indicated by the heavy line in fig. 2 , line e.) and that this duplication restores the integrity of the tet gene. Once again complete digests did not yield Trp+ constructs and the minimum number of BamHI fragments in Trp+ plasmids was two, their size corresponding to the two BamHI fragments indicated in figure 2 , line e. This plasmid, designated pIA 11, was highly unstable in Ret+ cells because of its direct duplication. Even after retransformation with Trp+ selection, pIA 11 -plasmid-DNA preparations contained large amounts of normal pBR322 generated by recombination in the 1.1 -kb duplications flanking the Pseudomonas insert. Surprisingly, transformation into recA_ trpAE.5 cells did not entirely abolish this instability, implying that both illegitimate and homologous recombination might be occurring in this region. Despite the mixture of pIA 1 and pBR322 plasmids present in these cells, enzyme levels were found to be slightly higher than those for pIA (table 1) .
The smallest Pseudomonas insert capable of complementing the E. coli trpAE5 mutation was achieved by digesting pIA 11 partially with BamHI and completely with BgZII, ligating the resulting mixture of fragments, and selecting for antibiotic-resistant Trp+ transformants of E. coli trpAE.5. The resulting plasmid (pIA 13) proved to have -3.1 kb of Pseudomonas DNA between the 1. I-kb direct repeats mentioned above. It was as unstable as pIA 11.
To ascertain the orientation of the trpE and trpG genes in this Pseudomonas insert, we digested pIA 13 with BamHI, religated the mixture and transformed, selecting for Amp'. One subclone that we obtained was designated pIA 14; it did not confer the Tet' or Trp+ phenotype on trpE mutants and was stable, as predicted from the loss of the 1 . 1-kb duplication. Sequencing the Pseudomonas DNA between the sole remaining BamHI site and the BamHI-BgZII Pseudomonas-pBR322 junction (Crawford and Eberly 1986 ) disclosed the 30 C-terminal codons of the trpE gene and the entire trpG gene. We conclude that trpE and trpG encoded in the Pseudomonas chromosomal segment are transcribed from left to right as shown in figure 2.
Introducing Pseudomonas trpEG into h In E. coli trpAE.5 containing each of the plasmids diagramed in figure 2 (except for pIA 14, in which most of the trpE gene is missing), cells grown in excess tryptophan have lower anthranilate synthase levels than those grown in minimal medium. (Representative results are presented in table 1). Although there is no reason to suspect that the copy number of each of these plasmids is affected by tryptophan levels and hence that this regulation is spurious, we decided to introduce the Pseudomonas anthranilate genes into a h-phage vehicle capable of stable lysogenization, thereby fixing the copy number at one per chromosome. We chose the Hind111 cloning vehicle h540 att+ imm*l (Murray and Murray 1975) , which can accept as much as 9.7 kb of foreign DNA in its sole remaining Hind111 site. Hind111 digests of pIA 11 and X540 were mixed and ligated, then the reaction mixture was used to transfect E. coli C600. Phages produced were allowed to form plaques on a lawn of tryptophan-limited E. coli trpR tyrA his thi trpAE5 cells in minimal medium. After 3 days plaques with a halo of denser growth were seen; lysogenic cells from the center of these plaques were tested for tryptophan prototrophy and antibiotic resistance. Three types of Trp+ cells were found, Amp'Tet', Amp'Tet', and AmpSTetS. The first two were assumed to be lysogens of a h phage having inserted the entire pIA 1, with or without the tet gene being contiguous; their Trp+ phenotype was unstable, doubtless because of the same 1 . 1-kb direct duplication making pIA 1 and pIA 3 unstable. The third type, sensitive to both antibiotics, was quite stable, however, and, on induction with mitomycin C, produced phage whose DNA after Hind111 digestion yielded a fragment exactly the size of the trpEG-containing fragment of pIA 11.
Although enzyme levels in lysogens of the third type were much lower than those of similar cells containing pIA 1 or pIA 11, they still showed a regulatory response to tryptophan. Apparently, therefore, the Pseudomonas trpEG pair in E. coli, lacking its own repressor gene and oblivious to the repressor gene for the E. coli trp operon, still retains a vestige of its regulatory response to intracellular levels of the amino acid. Shinomiya et al. (1983) used R-prime plasmids-which they derived from R68.45 in a manner similar to the way that we made ptrpEG-to investigate the genes (prt) giving rise to pyocin R2 in Pseudomonas aeruginosa PAOl. They found a block of 16 or more prt genes residing in a region -25 kb in length situated between the trpE and trpDC loci. From the available data it is not clear how the trpEG gene pair is oriented with respect to the prt cluster, but this could be ascertained by more detailed analysis of the region. It is clear from the enzymatic data presented here and from deletion and insertion studies with these plasmids (D. Essar and I. P. Crawford, unpublished data) that the trpG gene encoding the small glutamine-binding subunit of anthranilate synthase is adjacent to and immediately downstream from the trpE gene. Older transductional data with P. putida mutants (Gunsalus et al. 1968) imply that in that organism there is much less DNA (-1 kb) intervening between trpE and the trpDC gene pair. The genetic complexity of pyocin R2 and its resemblance to a phage tail (Ito and Kageyama 1970) suggest that this region may have been occupied by an entire temperature phage genome at some time in the ancestry of present-day P. aeruginosa, with subsequent deletion of some phage genes leaving the present prtA-prtN segment.
Discussion
In the companion paper (Crawford and Eberly 1986) we report the DNA sequence of trpG from P. aeruginosa. When this is compared with the amino acid sequence of the small subunit of P. putida anthranilate synthase determined earlier (Kawamura et al. 1978) , it is apparent that the scenario of prophage insertion followed by partial deletion to convert a P. putida-like ancestor to the present-day P. aeruginosa is an oversimplification. It will be worthwhile to determine the sequence of the DNA in this region in P. putida, P. aeruginosa, and possibly other fluorescent pseudomonads to clarify events in the evolution of this region.
The enzymatic data of table 1 indicate that some form of regulation of the expression of Pseudomonas trpEG genes cloned into E. coli occurs in response to tryptophan scarcity or excess. It is clear that this does not involve the intervention of the trpR repressor gene of either P. aeruginosa or the host and that simple alteration in plasmid copy number cannot explain it either. There are several other possibilities not ruled out by these results. There may be a trp attenuator capable of terminating transcription ahead of trpE in the presence of excess tryptophan, as is found in E. coli and other enteric bacteria (Yanofsky 1984) . Alternatively, stability of the trpEG mRNA may be influenced by the availability of tryptophan, or the activity of the promoter may be increased under conditions of specific or general amino acid starvation. Clearly, this response is subject to additional investigation at the molecular level. It is an interesting finding, however, because of the implication that a foreign gene segment, even if restricted to little more than the structural genes required, may show rudimentary
